The ATRAP experiment at the CERN antiproton decelerator AD aims for a test of the CPT invariance by a high precision comparison of the 1s-2s transition in the hydrogen and the antihydrogen atom.
INTRODUCTION
Antihydrogen was created the first time at relativistic velocities at CERN [6] and then at Fermilab [7] followed by the first production of antihydrogen within a Penning trap in 2002 by the ATHENA [8] and the ATRAP [1] experiments operated at the antiproton decelerator AD at CERN. The production in a nested Penning trap configuration is operated routinely whereas the trapping of antihydrogen has to be developed for precise physics studies of the antihydrogen system. For a recent review see [9] .
The ATRAP experiment aims for a high precision test of the CPT invariance by a comparison of the spectral lines between the hydrogen and the antihydrogen atoms. Highest precision concerning the frequency measurement is expected from the two photon 1s-2s transition to the metastable 2s state with a natural line width of 1.3 Hz resulting in a possible precision of the transition frequency of 1 · 10 −15 . For the hydrogen atom the 1s-2s transition was measured with a precision of ∆ f / f = 1 · 10 −14 [10] . A similar precision is anticipated for the antihydrogen atoms. For the ratio of the frequencies (by a direct comparison of the hydrogen and antihydrogen atom) even higher accuracies are possible which could in principle be below the natural line width by comparing the line shapes.
Such high precisions call for high statistics of the detected transitions. A conventional scheme -as it was used for the hydrogen studies with a cold hydrogen beam -is not possible due to the limited amount of antihydrogen. Using hydrogen atoms a beam of these particles passed a region with an electric field resulting in Stark mixing of the 2s into the 2p states which decayed with a life time of 1.6 ns to the ground state. The 2p-1s light resulting from a 1s-2s transition was measured as a function of the 1s-2s transition frequency. The technique proposed for the antihydrogen spectroscopy has to be different, a shelving scheme was proposed [11] . First, cold antihydrogen atoms in the ground state have to be trapped. Second, a continuous Lyman alpha laser will excite the antihydrogen sample to the 2p state which decays fast back to the ground state by emitting 2p-1s light observed by a photon detector. Third, the 1s-2s two photon transition is induced and if an antihydrogen atom is excited for the lifetime of the metastable 2s state there is no light from the 2p-1s transition. A scan of the 1s-2s frequency results in a reduction of the 2p-1s intensity at the correct 1s-2s frequency. This method would even work with a single atom.
To check the sensitivity of a CPT violation to the frequency shift of an atomic transition a suitable model like the standard model extension (SME) [12] , [13] has to be consulted. In the SME CPT violating terms are introduced in the Lagrangian of the standard model where the strength of CPT violation is given by certain parameters on the energy scale which allows to better compare the sensitivity of different CPT tests. For a detailed discussion of the SME and the sensitivity of antihydrogen spectroscopy to CPT violation I refer to [14] .
The trapping of antihydrogen can be done via the magnetic moment of the antihydrogen atom in a magnetic gradient field. The magnetic potential energy is given by E B ∼ − µ B with the magnetic moment µ and a magnetic field B, i.e. a state with a magnetic moment in field direction is a low field seeker, it is driven to the minimum of the B field. Unfortunately the potential energy is very low due to the small value of µ B which corresponds to a temperature (T = µ B B/k, µ B =5.788 ·10 −5 eV /T , k = Boltzmann constant = 8.62 ·10 −5 eV /K) of 0.67 K/T . Therefore cold antihydrogen in the ground state is needed for an effective trapping of the produced antihydrogen. Assuming a Boltzmann distribution at a temperature of 4.2 K (LHe) and a field gradient of 1T, achievable with superconducting magnets, only a few per cent of the antihydrogen atoms would be trapped which shows the importance to produce cold antihydrogen with a temperature of preferentially less than 4 K. Once the antihydrogen atoms are trapped laser cooling can be applied to further reduce the temperature necessary to achieve ultimate precision. Laser cooling with Lyman-α can reach a few mK given by the Doppler limit and the photon recoil.
Especially for studies of the gravitational interaction between matter and antimatter which is another important topic in the antihydrogen experiments much lower temperatures are requested. Symphatetic cooling of positive antihydrogen atoms by laser cooled ions which can be cooled to temperatures below 100 µK was proposed by Walz and Hänsch [15] . At such low temperatures a precise measurement of the acceleration of an FIGURE 1. The experimental setup at ATRAP with a sketch of the whole system including superconducting solenoid and outer scintillator plates in the left part and details of the inner part on the right side. The stack of ring electrodes and the surrounding detector elements are shown.
antihydrogen atom in the gravitational field is possible which is up to now experimentally completely unknown.
The simplest configuration for a magnetic anithydrogen trap, a Ioffe-Pritchard design [16] , [17] is a linear magnetic quadrupol for the radial, combined with two solenoids, called pinch coils, for the axial trapping. Such a magnetic trap has to be superposed the Penning trap used to confine the charged particles and where the antihydrogen is produced. Such a configuration of a combined Penning and Ioffe trap is not a straightforward setup because the trapping of charged particles requires a homogeneous magnetic solenoid field. A cloud of charged particles described by a charged plasma gets instable if the homogeneity of the magnetic field is disturbed [18] as it is largely the case with a magnetic quadrupole field. On the other hand for single charged particles stable orbits are possible at such conditions as shown by [19] .
EXPERIMENTS AT ATRAP

The ATRAP experimental setup
The experimental studies at ATRAP were performed with the setup shown in fig.  1 . A stack of ring electrodes within a superconducting solenoid with a field of 5.4 T builds the Penning traps for the charged particles. It is surrounded by detectors for the annihilation products which is rather limited due to the small magnet bore of only about 10 cm in diameter. BGO crystals were used for the γ detection resulting from the positron annihilation. Scintillating fibers inside the magnet and scintillator plates outside the magnet detect charged annihilation products from the antiproton. The scintillating fiber detector consists of 3 layers, one with straight fibers and two helical fiber layers. This system detects annihilation events but the tracks of the charged particle can not be determined.
A tracking system is foreseen in a second setup with a magnet bore of about 50 cm in diameter. Here several layers of scintillating fibers will be installed which allow to reconstruct the annihilation vertex. Furthermore there is enough space for a superconducting Ioffe trap as well as comfortable laser access. This second setup will go into operation in 2006.
The Penning trap shown in fig. 1 includes a large number of electrodes which allow to generate very complex potential distributions needed for the various studies in the antihydrogen production. Cooled by liquid Helium to 4.2 K a vacuum of below 5 · 10 −17 mbar was achieved derived from the lifetime of trapped antiprotons [20] .
Trapping of antiprotons and positrons
The antiprotons are delivered by the AD at CERN [21] . Produced by a 26 GeV /c proton beam of the proton synchrotron (PS) hitting a target, 3.5 GeV /c antiprotons are collected and decelerated to 100 MeV /c. To reduce the losses stochastic (at 3.5 and at 2 GeV /c) and electron cooling (at 300 and 100 MeV /c) is applied. By fast extraction a bunch of about 3 · 10 7 antiprotons with a bunch length of about 90 ns is sent to the AD experiments every 86 s.
At ATRAP the antiprotons enter into the trap as indicated in fig. 1 from below after passing a thin foil, two parallel-plate avalanche counters (PPAC) as beam position monitor, a cell with a He/SF 6 gas mixture to adjust the energy loss to an optimum trapping efficiency and the Be degrader. At the electrode below the ball valve (see fig. 1 ) a -3 kV potential is applied which deflects antiprotons with sufficient low energies. When returning in the ∼ 15 cm long trap also the degrader foil is switched to a potential of -3 kV to close the trap. Up to 25 000 antiprotons are trapped in this 3 kV potential well. While bouncing back and forth in the long well the antiprotons are cooled by electrons deposited before the trapping procedure in a number of short potential wells.
The time to the next AD bunch is sufficient to cool the antiprotons into the short wells by the electrons which themselves are cooled by synchrotron radiation to the 4.2 K surrounding. This allows a stacking of subsequent antiproton bunches from the AD in order to increase the number of trapped antiprotons for the antihydrogen experiments. For the next cycle the potential at the degrader is switched off to trap a second bunch of antiprotons which are again cooled into the short electron wells and a next bunch can be trapped.
This stacking method results in a linear increase of trapped antiprotons with the number of bunches experimentally verified up to 32 bunches. A more detailed description of the method is given in [22] .
The positrons are delivered by a 22 Na source which is moved close to the trap entrance from above for the positron accumulation. The positrons pass a 2 µm tungsten crystal, the transmission moderator, where a small part emerge from the crystal with eV energies by building highly excited positronium which is field ionized in the positron trap. At the ball valve another thick tungsten crystal is mounted, the reflection moderator, where also positronium is produced at the surface which moves to the trap region and is field ionized. For a detailed description of the positron loading technique see [23] . Up to 5 · 10 6 positrons with a loading rate of about 300 s −1 were accumulated for experiments during several hours before the antihydrogen experiments were performed.
Antihydrogen production and detection
The formation of an antihydrogen atom out of a positron and an antiproton needs a third reaction partner to take up the binding energy which is a photon in the radiative recombination :p + e + →H + hν or a second positron in the three body recombination: p + e + + e + →H + e + . Other possible mechanisms are laser stimulated recombination (p + e + + hν →H + hν + hν), field assisted recombination where the Coulomb potential of the antiproton is deformed by a pulsed field to catch the positron in analogy to the well known field ionization [24] or the use of positronium (p + (e + e − ) →H + e − ) [25] .
Most of the antihydrogen production studies at ATRAP were done with a nested well structure shown in fig. 2 [26] . A nested trap is generated by applying the required potential to the ring electrodes with a positron cloud trapped in the center. In the beginning ap-cloud is located in the well at T2. By increasing the T3 potential for a short time thep's are launched towards the positron cloud bounce back and forth through the positrons and are cooled into the antiproton wells on both sides of the e + cloud. When the antiprotons pass through the positrons antihydrogen atoms can be build. The dominant production mechanism for the conditions at ATRAP (4.2 K temperature, n e + = 2 · 10 7 cm −3 ) is the three body recombination with an expected event rate of Γ = 6 · 10 −13 (4.2/T ) 9/2 n 2 e + np s −1 , (Γ : recombination rate, T : temperature in K, n e + : number of positrons, np: number of antiprotons) [26] . The expected radiative recombination rate of Γ = 6·10 −11 (4.2/T ) 9/2 n e + np s −1 , is a factor of about 3000 smaller [26] .
For the detection of antihydrogen a background free method via field ionization is used [1] . Neutral antihydrogen atoms are not reflected by the electric field in the nested trap region and may hit the trap wall and annihilate. Some of the antihydrogen atoms travel towards the electrode EET where a strong electric field exists, strong enough to ionize Rydberg antihydrogen atoms. Any antihydrogen atom ionized in this region deposits its antiproton in the potential well at EET. On the other hand no antiproton out of the nested trap is able to reach the EET well. After a production experiment is done all antiprotons in the nested trap are removed by opening the wells to minimize the background rate in the detectors. Now completely decoupled from the antihydrogen production experiment the number of antiprotons deposited into the EET well can be counted by slowly lowering the potential at T8. The advantage of this technique is an essentially background-free detection shown in fig. 2 . In fig. 2 c the number of antiproton annihilations with time is given when the potential at T8 is linearly ramped up. In fig. 2d the same experiment is performed without positrons loaded into the trap resulting in zero background counts.
To increase the number of produced antihydrogen the driven production method was developed [2] . The antiprotons cooled into the wells beside the positron cloud were excited by radio frequency signals applied alternatively to the electrodes T4 or T6. By this method the antihydrogen production could be increased resulting typically in the order of 1000 trapped antiprotons in the ionization well which corresponds to about 100 000 produced antihydrogen atoms if an isotropic emission is assumed.
Properties of the produced Antihydrogen atoms.
The high production rates achieved with the nested Penning trap configuration allowed detailed analysis. Important for the ongoing work towards trapped antihydrogen is the knowledge of the n-state distribution of the produced Rydberg atoms. With the potential structure shown in fig. 3 this distribution has been measured for high Rydberg states down to n ∼ 24. In addition to the potential configuration in fig. 2 an analysis well is introduced at the electrodes ER and CS just in front of the ionization well.
Here an electric field is applied which ionizes Rydberg states down to a certain n which then cannot reach the ionization well. Rydberg states at lower n which survive the analysis well are ionized as usual at the ionization well and deposit their antiprotons. By scanning the potential of the analysis well the number of antihydrogen states produced in the different Rydberg states was determined. To normalize the individual experiments, on the other side of the production region a normalization well is arranged where field ionization with a fixed potential is performed. In fig. 4 the measured distribution is shown which follows a F −2 relation up to a field strength F of about 200 V /cm, the validity FIGURE 3. Potential and electric field structure applied for measurements of the n-state distribution. In the center is the nested Penning trap located, at the right side the state analysis region and the ionization well, and at the left side the normalization well.
range of a guiding center approximation (GCA) [27] , [28] , but at higher fields deviations from the simple power law start.
Another important information as described in the introduction is the velocity of the produced antihydrogen atoms. For the positron cloud as well as the cooled antiproton cloud a temperature of 4.2 K can be assumed but for the antihydrogen production the antiprotons are launched trough the positron cloud resulting in some kinetic energy transferred to the antihydrogen.
To measure the velocity the potential structure shown in fig. 3 is used but now the analysis well potential is varying sinusoidal with a fixed frequency [4] . Depending on the frequency and on the velocity of the antihydrogen atoms the number of antihydrogen atoms reaching the ionization well varies. If the frequency is low the time window with a field strength below the ionization field for a certain n state is rather long and even slow antihydrogen atoms have a chance to pass this region undisturbed. If the frequency is high only high velocity antihydrogen atoms can pass the region without being ionized. In fig. 5 the expected antihydrogen detection probability as a function of the frequency of the pre-stripping field is shown by solid lines assuming a Boltzmann distributed antihydrogen velocity together with the measured data. The measured velocity is clearly Before trapping studies with antihydrogen are started the temperature has to be drastically reduced. Investigations of a possible reduction of the temperature of the produced antihydrogen by reducing the RF signals used for exciting the antiproton clouds have been started but up to now no improvement could be achieved. Studies in this direction will be continued with the upcoming beam time where also a launching of positrons through the antiproton cloud is foreseen.
Laser controlled antihydrogen production
In view of the required low velocity antihydrogen atoms for trapping, another production technique has been applied [5] . It works via a double charge exchange process using highly excited Rydberg Cs atoms. In fig. 6 a sketch of the process is shown. Cs atoms in a beam from a Cs oven heated to 317 K are excited to a well defined high Rydberg state by laser excitation. Then Cs * atoms pass through a positron cloud where positronium is created. The positronium drifts out of the positron cloud and may reach an antiproton cloud nearby where another charge exchange process can happen and antihydrogen is built. The Cs excitation is done in a two step excitation scheme with a first 6S 1/2 → 6P 1/2 induced by a diode laser at 852.2 nm and a second 6P 1/2 → 37D 5/2 transition with a copper vapor laser at 510.7 nm. For the chosen transition an excitation efficiency of about 24 % was calculated [29] . The strong magnetic field changes of course the level struc- ture which is not easily calculable but the actual state is not important for the charge exchange process, simply a high Rydberg state is requested. High Rydberg states result in very large cross sections for this charge exchange process which scales with n 4 , the geometric area given by n 4 πa 2 0 with the radius of the Rydberg state given by n 2 a 0 . Due to energy conservation Rydberg Positronium built in the charge exchange process is peaked at a n-state around 26. According to calculations under the applied conditions all positrons should be converted to Positronium [30] . In the second charge exchange process the positron is transferred to the antiproton resulting in Rydberg antihydrogen atoms with a n-state population expected to be peaked around n=32. The rate of produced antihydrogen atoms is apart from the annihilation losses determined by the solid angle and the charge exchange cross section. The lifetime of the Rydberg states is in the range of a few ms, sufficiently long to travel distances in the order of m.
In a typical experiment with 2 · 10 6 e + and 3 · 10 5p about 100 antihydrogen atoms are expected assuming a cross section of σ Psp = 58n 4 Ps πa 2 0 resulting from classical trajectory Monte Carlo (CTMC) calculations [30] . About 1 % of these antihydrogen reach the solid angle of the ionization well that on average 1 antihydrogen atom should be detected. The summed signals of a sequence of 6 experiments show a clear signal of these laser controlled antihydrogen production, see fig. 7 .
The upper part shows the detector signals as a function of the ionization well depth which is ramped down with time. At about 25 ms when the detection well depth is around 0 Volt trapped antiprotons are expected to be released and annihilate as checked by the lower part of the figure where the detection well was filled byp's and emptied in the same way to calibrate the time scale. Compared to the nested well production technique running dominantly via TBR the production rate is rather low. An increase by a factor 10 to 100 seems to be possible by increasing the particle numbers and reducing the distance between positron and antiproton cloud.
A big advantage of this production technique is the expected low velocity of the produced antihydrogen which should be given by the velocity of the antiprotons cooled to 4.2 K and the limitation to a small range of populated n-states where the peak position is determined by the Cs Rydberg state chosen for the laser excitation. The low temperature at well defined Rydberg states is a good basis for the trapping of antihydrogen.
Of course the velocities of the produced antihydrogen atoms have to be checked. The technique used in the nested Penning trap studies is not suitable here due to the much lower production rates but the laser controlled production mechanism allows to measure the time between production and annihilation of each produced antihydrogen atom. The laser excitation is done by a pulsed copper vapor laser with a pulse width of about 20 ns. By adjusting the repetition rate with a mechanical chopper to a reasonable rate of 1 kHz the annihilation time relative to the laser pulse can be measured for each antihydrogen annihilation. For the velocity also the track length is required which is not known without a tracking system in ATRAP-I. Therefore only time distributions for an event sample can be determined which are related to the mean velocities. Monte Carlo simulations of this process including Boltzmann distributions for the velocities in the particle clouds indicate a high sensitivity of the time distribution on the assumed temperature of the produced antihydrogen. The comparison of a measured time distribution with Monte Carlo generated ones will allow to determine the velocity with an accuracy of a few K in the region of 4 K with a reasonable statistics of a few thousand antihydrogen annihilations [31] . Very first experiments have been tried but the statistics was still much too low to draw any conclusions about the temperature.
Stability of charged particles in a combined Penning/Ioffe trap
A basic question for the further studies in view of trapped antihydrogen is the stability of a charged particle cloud within a magnetic gradient field. The most efficient way of antihydrogen trapping within a Penning trap configuration is the superposition of a magnetic gradient, in the simplest case a magnetic quadrupole for the radial combined with two solenoids for the axial confinement. The trapped positrons or antiprotons can be considered as a charged plasma stabilized by the rotation in the magnetic field. The rotation is connected with an angular momentum which is conserved in a field with cylindrical symmetry providing the confinement of the plasma [18] . If the cylindrical symmetry is destroyed the confinement is no longer given and the particles are lost. A possible stability of a single charged particle in a combined Penning-Ioffe trap was investigated in Ref. [19] resulting in possible stable orbits which are connected with adiabatic invariants. As long as the particle density is low enough to limit collisons and if resonances are avoided a stable operation seems to be possible.
Experiments on stabilities of electron plasmas at high temperatures within a Penning trap with an additional magnetic quadrupole field [32] result in rapid losses even for weak quadrupole field strengths. Similar studies have been done for parameters more comparable to ATRAP conditions where the trapping time is rather limited strongly decreasing with increasing quadrupole field strength [33] .
First tests of electron trapping in a Penning trap superposed by a magnetic quadrupole field have been performed at ATRAP where only a permanent quadrupole magnet has been used due to space limitations. If a permanent magnet is exposed to a solenoid field perpendicular to the magnetisation direction of the permanent magnet a reduction of the magnetisation is observed dependent on the solenoid field strength. A solenoid field of 3 T result in a reduction of the magnetisation by about 10 % which then stays constant as long as the field stays below 3 T. The quadrupole was installed in stead of the BGO detector. Within the available space a field gradient of only about 15 T/m has been achieved which is rather low. Electrons have been loaded into the trap by field emission off a wire. With about one million electrons and solenoid fields of 1, 2 and 3T the electron clouds were stable for more than one hour.
These first studies have to be confirmed by further measurements and extended to higher field gradients to check the suitable parameter range for the antihydrogen production and trapping within a combined Penning/Ioffe trap.
For further studies a superconducting magnet is designed where besides a quadrupole field configuration also higher multipoles are considered to reduce the disturbance of the axial symmetry. The advantage of a superconducting magnet is the flexibility in changing the field strength which is of course fixed with a permanent quadrupole.
SUMMARY
At the ATRAP experiment operated at the antiproton decelerator AD at CERN antihydrogen is routinely produced within a nested Penning trap configuration. For the detection of antihydrogen a field ionization method was applied which is background-free and therefore gives a high sensitivity.
Precise spectroscopic studies aimed for at ATRAP, require trapped antihydrogen within a magnetic gradient field. Useful antihydrogen for trapping has to be cold enough and should be in the ground state. Before trapping studies can start it is therefore important to know the properties of the produced antihydrogen.
An essential parameter is the temperature of antihydrogen which has been measured at ATRAP to be at around 2400 K in the nested trap experiments, much higher than the 4.2 K LHe surrounding. Lower temperatures should be possible by an optimization of the working conditions. Studies in this direction have started and have to be continued in future experiments.
The other important feature is the n-state population in the production. Down to n ∼ 24 the n-state distribution has been measured at ATRAP which is the basic for an efficient de-excitation. The optimization of the production towards more deeply bound states as well as the de-excitation needs the knowledge of the n-state distribution.
As a second approach a laser controlled production via a double charge exchange mechanism using highly excited Rydberg Cs * atoms has been demonstrated. The advantage of this method is the expected production of antihydrogen in well defined Rydberg states at the temperature of the antiproton cloud of 4.2 K. Further studies are needed to increase the production rate and to check the expected properties of the produced antihydrogen.
For an optimum trapping efficiency of antihydrogen production and trapping should be at the same place. A combined Penning/Ioffee trap is technologically feasible but the stability of charged particles in a Penning trap requires axial symmetry of the magnetic field which is destroyed if e.g. a quadrupole field is applied for the antihydrogen trapping. With higher multipoles a much lower field can be achieved in the trap center with high gradients at the edge which may be the solution of the problem.
First measurements on the stability of charged particle in a combined Penning/Ioffee trap have been performed which have to be continued and extended in order to develop the optimum trap configuration and working conditions for the trapping of antihydrogen.
